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SUMMARY
In 1994 we completed a successful field season at the ETH/CU camp on the Greenland ice sheet.
The major accomplishments were: .....
• Retrieval of 305 days of climate and glaciological data recorded in our absence.
• Ftrst year-round net radiation _ance and short-wave radiation balance recordings.
• A laeightdiminution in _ l_t_3_Y_earsof 4) 20 mY.:_..w_as_m_eagtre_1_for _ ice surface in the
vicinity of the camp. This agrees well with measurements from the EGIG-line.
• The average displacement at the ETH/CU camp is 0.3196 m d "_ , the velocities and the flow
azimuth are not completely homogeneous.
Data analysis showed the following results:
• Cloud classification b_ on longwave sky radiation revealed that overcast sky occurred for
25% of the time in winter, and for 15% in spring and_mer r_.ctively. Winter and
summer both show the same occurrence of clear sky of approximately 26%.
• Comparison of aerodynamic profile method with eddy correlation method to derive sensible
and latent heat flux showed good agreement in the diurnal cycle. The turbulent fluxes were
underestimated with the aerodynamic method by 10 - 30% as compared to the in situ eddy flux
method.
Q The katabatic wind shows a distinct diurnal cycle with a maximum in the morning (7-9 h solar
time) and a minimum in the late afternoon (i8 h solar time). _ :
Snow grain size was modeled with a surface energy balance model (SNTHERM) and
compared with in situ measurements. Sharp decreases in the modeled snow grain size, caused
by accumulation events such as precipitation and deposition, could be verified with
observational data.
Radiative transfer modeling of fun support our beliefs that the observed trends in 18 and 19
GHz passive microwave brightness temperatures are attributable to accumulation rate changes.
Modeling also indicates the above relationship is detectable because of the presence of depth
hoar.
Snow melt can be detected by a distinct signal in the passive microwave cross-polarized
gradient ratio (19h-37v)/(19h+37v) and has been used for wet/dry snow classification.
Top of the atmosphere (TOA) broadband albedos were derived from AVHRR visible and near
infrared reflectances for the entire ice sheet from May 1990 - June 1991. The highest albedo
values are found along the southeast coast of the ice sheet which is consistent with the summer
peak of precipitation due to onshore flow loaded with high water vapor content. TOA albedo
values dropped to around 40% along the south-western coast during July and August due to
bare ice surface.
The net all-wave radiation balance at the top of the annosphere is negative over the entire ice
sheet except for the summer month June-July-August. In June, the net radiation balance is
slightly positive over the dry snow areas (15 W/m2).
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1. Introduction
1.1 Rational of the Study
The proposed research involves the application of multispcctral satellite data in combination
with ground truth measurements to monitor surface properties of the Greenland Ice Sheet which are
essential for describing the energy and mass of the ice sheet. Several key components of the energy
balance are parametcrized using satellite data and in situ measurements. The analysis will be done
for a ten year time period in order to get statistics on the seasonal and interannual variations of the
surface processes and the climatology.
Our goalistoinvestigateo what accuracyand overwhat geographicareaslargescalesnow
propertiesand radiativefluxescan be derivedbased upon a combinationof availableremote
sensingand meteorologicaldatasets.Operationalsatellites nsorsarecalibratedbasedon ground
measurementsand atmosphericmodelingpriortolargescaleanalysisto ensurethequalityof the
satcUitcdata. Further,severalsatellites nsorsof differentspatialand spectralresolutionare
intercomparedtoaccesstheparameteraccuracy.Proposedparametcrizationschemestoderivekey
component of theenergybalancefrom satellitedataarevalidated.For the understandingof the
surfaceprocessesa fieldprogram was designedtocoUcctinformationon spectralalbcdo,specular
reflectance,sootcontent,grainsizeand thephysicalpropertiesof differentsnow types.Further,
theradiativeand turbulentfluxesattheice/snowsurfacearemonitoredfortheparametcrization
and interpretationofthesatellitedata.
The expected results include several baseline data sets of albedo, surface temperature, radiative
fluxes, and different snow types of the entire Greenland Ice Sheet. These climatological data sets
will be of potential use for climate sensitivity studies in the context of future climate change.
1.2 Logistic Summary
We arrived at the ETH/CU camp on April 18, 1994 and the station was occupied until June
14, 1994. The following members took part in the 1994 field expedition:
Name Institution Arr. Dep.
Konrad Steffen CU-Boulder 5-25 6-14
Anne Nolin CU-Boulder 4-18 5-25
Waleed Abdalati CU-Boulder 4-18 6-14
Jason Box CU-Bouldcz 4-18 6-14
Jay ZwaUy GSFC-NASA 5-25 6-14
Manfred Stober FHS Stuttgart 5-25 6-14
Jllrgen Kreutter FHS Stuttgart 5-25 6-14
We retrieved climatological and glaciological data recorded in our absence for 305 days. All
sensors worked for the entire time period and there was no data loss. For the first time radiation
data for shortwave incoming and reflected and net radiation was recorded throughout the winter
and the data analysispresentedin Chapter 2.2 showed promising results and applications. In
general, the field season was much colder than the previous years with only a few days at or above
0 ° C. The temperature recording at the ETH/CU camp showed a decrease of the mean air
temperature from -100 C to -13" C for the time period 1991 - 1994. The general cooling trend at
the ETI-I/CU camp coincides with the large scale cooling trend observed for the southwestern part
of the Greenland ice sheet for the winter months based on the coastal station data.
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2. Surface Climatology
2.1 Overview
For 47 consecutive days during the 1994 field season, continuous measurements were made of
30 climatological parameters (Table 2.1 and 2.2). Also, continuous records of a 10 m temperature
and wind speed profile, and a 10 m ice thermal profile, started in mid 1991 was collected and
maintained (Table 2.3). The separate components of the radiative energy balance were measured
as described in the tables below. Latent and sensible heat fluxes were obtained by eddy correlation
measurements and also from the bulk aerodynamic profile method.
Problems arose with the eddy correlation measurements due to the fragility of the finewire
temperature sensor which has a diameter of 6.6x 10_sm. While the small mass allows the fine wire
to react quickly to the temperature structure of passing eddies, the sensor is left quite vulnerable to
airborne ice crystals. As a consequence, we have four eddy correlation datasets of limited temporal
coverage. For the majority of measurements, digital sampling occurred each 10 seconds, this data
was then averaged every 10 minutes and written to final storage. The mean 2-m air temperature at
the ETH/CU camp was -6.03* C with a mean wind speed of 6.75 ms "1 for the time period April 15
to June 11, 1994.
Table 2.1 Radiation Individually measurement of all components of the radiative energy balance
Measured Component
R, (net radiation)
S,I, ('incoming shortwave
S,I. (incoming diffuse shortwave)
ST (reflected shortwave)
L$ (diffuse downwelling
longwave radiation)
So direct solar beam component
SdxSun photometer with narrow-
band spectral filters in Visible
and Near IR.
Instrument type
REBS
EppleyPyranometer
EppleyPyranometer
EppleyPyranometer
EppleyPyrgeometer
Eppley Pyrheliometer
EG&G sensitive photoelectric
diodes
misc. info.
0.3 - 60 lan response
0.3 - 3 lain resIxm_
- Shade rings used to obtain
diffuse measurements
-on boom arm
4 - 50 lain response
- on solar tracker.
- on solar tracker
- 442. 550. 600. 880, 940 nm
interference filters.
Table 2.2 Turbulent Flux Measurements (Sensible and Latent Heat)
Measurement method
Eddy Correlation
Aerodynamic Profile
Sensor info.
- Krypton UV Hygrometer (10 Hz response)
-CA 127 sonicanemometerwith flne-wim
thermocouple(I0Hz response).
-barometricpressure(SB 270).
-temperatureandrelative Humidity
-3levelprofdeof:temperature;humidity;
andwind(RH-207& Met-One3-cup
anemometers).- 0.54. 1.04.2.04 m levels.
- barc__gtd¢ pressure (SB 270)
misc.iqo..
- limited record
- fast reslxmse
instruments recording
@ 5 I-Iz, average over
10 minutes.
- continuous record
- April 15 - June 15
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Table 2.3 Measurements running from mid 1991 unless otherwise _ted
Measurement Sensor misc. info.
S* (SW radiation balance: 2 x S$;
1 x S$. (albedo))
3 x Li-Cor photoelectric diodes
R. (net radiation) REBS (0.3 - 60 Rm)
.,.. •
temperature profile
wind profde
wind direction
mid 1993 to present
1 hour temporal resolution
0.4 - 1.2 pm .spectral response
mid 1993-present
1 hour temporal resolution
height: 2 m; l0 m
mid 1994 to present
height: 2 m; 8 m
height: 10 m
barometric pressure SBP 270 mid 1994 - present
Snow the_final p_0rdei:i iii i_ iliiiiiii:::, _::i:: ::i
f'me-wire thermocouples June 1994 to present
- positioned at: surface; 0.05 m;
0.1 m; 0.2m; 0.35m; 0.50m;
0.65 m 0.9 m ice interface
10m ice th_ai pr0file : i i I i: :/_i: ....
- number of measurements
- depths
2.2 Radiation and Cloud Regime
The shortwave and net radiation balance was measured for the first time throughout summer
and winter (Fig. 2.1). Unattended radiation measurements have been problematic in the past with
conventional pyranometers due to icing of the quartz dome. We used Silicon-device pyranometers
due to its small size and mass. Because of the constant katabatic wind the snow accumulation on
the sensors was not a problem. First data analysis showed that the two upward looking
pyranometers, the downward looking pyranometer, and the net radiometer provided good results.
For eight consecutive months (Oct. through April) the net radiation balance is negative or zero
(Fig. 2.1). The net radiation values at or close to zero Wm "2represent low and mid-level cloud
cover during the winter months. The month of July showed the largest positive net radiation, which
also coincides with the largest ablation rates at the snow surface.
A cloud classification algorithm has been developed based on synoptic observations and
longwave sky radiation measured in spring 1993. The 3-hourly synoptic cloud observations were
coded according to the cloud cover between 0 and 8. The comparison between the longwave sky
radiation from radiative active clouds such as stratus and altos clouds and the synopic cloud code
showed that cloud fractions can be classified within 10% accuracy. Cirrus clouds can not be
detected with this radiation method because of their cold temperature of approximately -50 ° C.
The cloud fraction algorithm has been applied to the radiation set coUeaed during winter 1993/94
and spring 1994. The analysis shows overcast sky conditions for 26% that during winter and
spring, and clear sky conditions of 24% in spring, 15% in winter respectively (Fig. 2.2). This data
set can be used for cloud detection, especially during the polar night when satellite cloud detection
is most inaccurate. This method will be applied in future to the forthcoming Greenland climate
monitoring network station data and should provide an year-round cloud statistic baseline data set
for future satellite altimeter measurements.
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Figure 2.2:
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Annual cycle of shortwave incoming radiation and net radiation at theETH/CU camp.
Altos & Stratus Clouds
Slxlng & Summer Clouds (Apr. Jun) U
Winter Clouds (Nov- F_) R|20
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32 0 = dear sky []
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Could Fraction (I/8)
Couldamount classification/or low and mid-level (loud: . (Stratus and Altos clouds) at the
ETH/CU camp for two time periods in Nov. 93 - Feb. 04, and Apr, - June 94. The
classification of the cloud statistics is based on longwave sky radiation measurements.
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2.3 Comparison Of Aerodynamic Profile with Eddy Corre_n _
Following is a discussion of two methods to derive sensible and latent heat fluxes in the surface
boundary layer, the Aerodynamic Profile method (APM) and the Eddy Correlation method
(ECM). The eddy correlation uses fast response instrumentation to measure the sensible, hygric,
and kinematic structure of passing eddies. To resolve the structure of the eddies at 1.0 m, the
sampling rate must be 5-10 I-Iz. The APM includes the measurement of vertical gradients of
temperature, humidity, and wind on a profile.
Our plan to employ the use of the APM for the network of automatic weather stations on the
Greenland ice sheet requires that we have a detailed understanding of the boundary layer stability
and its turbulent eddy structure. The APM uses stability criteria that are based on experimental
measurements in the mid latitude and over vegetated surfaces. We have run both methods
coincident,ally on the Greenland ice sheet to compare the relative accuracy of the APM to the
ECM. The ECM is considered to provide accurate turbulent flux measurements (Figure 2.3). The
APM assumes neutral stability in the boundary layer. Though this is not always the case, the
calculated fluxes can be scaled by a stability parametefization derived from a comparison of the
two methods.
The APM is currently the best suited for automatic / long-term sensible and latent heat flux
measurements on the Greenland ice sheet. The ECM is not practical for long-term automatic
measurements, because the instrumentation needs continuous supervision. The ECM
instrumentation is highly susceptible to damage in snowstorms and other adverse conditions.
When both methods are run coincidentally, a quantitative comparison can be made. The two
methods agree well under specific conditions. The APM calculations improved through
comparison. Specifically, it is the stability functions that can be tuned to fit the micro-
meteorological conditions of Greenland that the APM uses to derive turbulent fluxes.
Compariso_C_EddyCorrelationandAerodynamicMethod[ Al_rO SenJlbkl Fh,x
|
kero Lattmt Flux
-- Net Ridtallorl
_F- Eddy Letont Flux
I I T I I
157 157 158 158 159
Julian Day 1993
Figure 2.3. Time series comparison of turbulent flux measurements derived from the eddy correlation
method and the aerodynamic profile method with net radiation. Aerodynamic profile data
has solid points, eddy correlation are hollow.
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2.4 Katabatic Wind Cycles
The katabatic, cold air drainage wind, has a diurnal cycle driven by radiation and subsequent
thermal forcing. Under normal conditions, i.e. no strong synoptic scale influence, the diurnal cycle
of cold air drainage down the ice sheet was ob_ed to exhibit remarkable periodicity. Our
measurements show that the wind frequently has a maximum in the morning 0.25-0.45 solar time
(ST), weakens through mid-day and reaches a minimum in the late afternoon 0.7-0.8 ST. Figure
2.4 represents the time of maximum daily wind speeds. The daily wind maximum and the minimum
(not shown here) occurred frequently within the same time interval, indeed several times within the
same 10 minute interval as another day. In the fast 28 days, there were 4 instances where 2 days
had the same 10 minute interval for the daily minimum wind speed.
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Time(WV_ndMlrimum(kx_ c_mBJofday)
Histogram of daily decimal time of wind maximum. Cases are taken where flow is
considered katabatic from within -22 * of 135" from true north.
The annual wind direction data show the dominance of the katabatic flow (Fig. 2.5). For a 12
month measuring period, approximately 63% of the time the wind came fi'om 135+_22 degrees.
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Figure 2.5:
WindDlr_'llon
Histogram of 10 minute temporal resolution wind direction data from 1994 field season
(April 15-June 11).
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2.5 Englacial Temperature
The ice temperature was measured with thermistors (Fenwai type: Unicurve UUB31J1) having
an accuracy of _+0.2° C. The mean 10 m ice temperature was -8.6* C with a standard deviation of
_+0.3* C (Fig. 2.6), the 9 m ice temperature was -8.7* C with a standard deviation of -+0.4° C. The
ice temperature between 10 and 50 m depth varies only by 0.2 ° C (measurements from the 650 m
deep GGU thermistor readings at the ETH/CU camp in 1990). The mean ice temperature at 10 m
depth from the 1994 measurements gave the same value (within 0.1" C) as compared to the 1991
measurement. The mean air temperature for the ETH/CU camp for the same time period is -13.3"
C (1.7 m above the snow surface). It is not clear why the mean 10 meter ice temperature and the
mean air temperature were approximately 5° C apart. In general, it is assumed that the 10 m ice
temperature provides a good proxy value for the mean air temperature. A possible explanation is
the release of beat due to water percolation through the snow cover and refreezing at the glacier
ice. The annual snow cover did not melt at the ETH/CU camp for the past three years, and an
"aufeis" layer of 0.6 m thickness was observed. The release of energy from the percolating melt
water could have increased the overall ice temperature to a depth of 10 m. This phenomena will be
studied further and the energy input will be modeled.
E
p
Fig.2.6
Days from August 1, 1993 to June 8, 1994
Evolution of englacial temperature profile at the ETH/CU camp for a lO-month period.
The thermistor chain was inserted into the ice in spring 1990. The ice temperature was
recorded at I meter interval to a depth of lO m.
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3. Surface Energy Balance Modeling
3.1 Approach
To examine the relationship between snowpack energy balance, snow grain size, a orr_-
dimensional model energy and mass fluxes in snow was used to calculate snow grain size as a
function of meteorologic variables. From these grain size data, the radiation scattering and
absorbing properties of snow can be calculated using Mie theory. These optical properties are then
used as input to a two stream radiative transfer model that calculates the spectral albedo.
3.2 Model Description
The SNTItERM model (Jordan, 1991) takes as input values of air temperature, relative
humidity, wind speed, air pressure, incoming and outgoing shortwave radiation, incoming
longwave radiation, and precipitation information at regular time steps (in this case, every 10
minutes). Snow accumulation data (accumulation rate and grain size) were obtained from a
combination of synoptic weather observations (every 3-6 hours), grain size measurements and
additional field observations.
The model was initialized with snowpack physical data including grain size, temperature and
density (fi'om field measurements). It then generated a time series of snowpack temperature, grain
size and density profiles corresponding to the time intervals of the input meteorologic data.
The model uses a grain growth algorithm based on Colbeck's formulation (Colbeck, 1983) for
metamorphism in dry snow:
3d __ 1000( T "_'C _T
_t = De°" Po [,273.15) _r _z
(3.1)
where d is snow grain diameter (m), gl is a grain growth parameter, D_ is the effective diffusion
coefficient for water vapor, P. is atmospheric pressure (rob), T is snow temperature (K), CkT is the
variation of saturation Vapor pressure With temperature and z is _height_(m) above the snow-ice
interface. A separate formulation is used for grain growth in wet snow but during the experiment
period, May 2 to 25, 1994, there was no significant snow melt. Thus, the complicating effects of
liquid water on grain growth (Colbeck, 1973) were avoided. Because albedo is affected by grain
size in the top few centimeters of the snowpack, only measurements of the surface layer grain size
needed to be considered.
3.3 Two stream Radiative Transfer Model
Using the snowpack physical protmities: _ain size, depth and density, the optical i_ckness,
single Scattering albedo and asymmetry par_eter were calculated. The single scattering albedo
represents the probability that light incident on a particle will be: scattered rather than absorbed.
The resulting direction of the scattered light is described by the scattering phase function of a
particle P(0), where 0 is the scattering angle. The asymmetry parameter, g, is a parameterization
of the particle scattering phase function. In this case, because the snowpack was thick enough to
be considered "optically-thick" (where the substrate has virtually no effect on albedo), the optical
thickness, a dimensionless number, was prescribed to be 1000. Both the single scattering albedo
and asymmetry parameter are_ons of-gi-iilris_ and _w_e determined iis_mg _ SNTHERM
model output values. From these input values, the twostream model calculated the directional-
hemispherical reflectance at the top of the snowpack.
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3.4 Snowpack Measurements
Snow grain size was measured 11 times over the model run _od. A gridded card and hand
lens were used to measure the maximum, minimum and mean grain siZe for replicate samples of
snow from the top 5 cm of the snowpack. Six snowpits were excavated to provide density and
snow stratigraphy information as well. Snowpack reflectance was measured using a portable field
spectrometer that operates in the 400 to 2500 nm spectral range. These reflectance values were
collected for comparison with the albedo estimates calculated from the radiative transfer model.
To initialize snowpack temperature in the snowpack energy and mass balance model, temperature
data were acquired from thermistor and flue-wire thermocouples placed in the snowpack.
3.5 Results
For the period from May 2 to May 25 the SNTHERM model generated the snow surface layer
grain size data that could then be compared with measurements of snow grain size from the same
period. Figure 3.1 shows good agreement the mean measured grain size (boxes) and the modeled
grain size (solid line).
i-
0
E
0
600
500
400
300
200
100
Measured and Modeled Snow Grain Size
May 2 - May 25
[]
J
10(3 200 300 400 500
Timestep, hours
Figure 3.1: Comparison of both modeled (solid line) and measured mean snow grain radius (boxes) for
the experiment period from May 2 - May 25, 1994. Sharp decreases in the modeled snow
grain size were caused by accumulation events such as precipitation and wind deposition.
The irregular, sharp dips in modeled grain size are the result of snow accumulation episodes,
mostly from blowing and drifting snow but also from precipitation. Following an accumulation
event, the surface snow grains showed steady increases in size as metamorphism proceeded in the
snowpack. While the maximum and minimum grain size measurements have a wide range (see
Table 3.1), the mean grain size closely tracks changes in modeled grain size.
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Table 3.1: Measured grain sizes from the snowpack surface
Minimum radius
(pal)
Mean radius
(tun)
250100
100 200 550
50 100 175
100 2O0 5O0
100 400 1250
lOO 150 3OO
50 100 250
50 IO0 3OO
50 150 35O
100 150 400
75 125 350
Maximum radius
( tm)
5OO
Comparing the modeled albedo values with field reflectance data (Figures 3.2) provides an
additional check on the method. For May 9, 1994, the measured reflemance is slightly lower in the
visible region and slightly higher in the near-infrared region than the modeled data. This may be
due because the model assumes spherical grains and the surface grains tended to be somewhat
dendritic, comprised of broken crystals. There is some noise present in the measured field
reflectance spectrum, particularly in the .8 - 1.0 pm region flow signal-to-noise response of the
spectrometer). However, for the most part, the near-infrared spectra match well. Since the
measured spectra do not represent the energy distribution integrated over the upward hemisphere,
one would not expect it to exactly correspond with the modeled albedo.
1,13
O,8
0.6
O,4
O,2
0,D
Model Results Vs. Measurements
_. I I ! $ t
Measured Reflectance
"k _' I
Modeled Albedo
(gay 9, 1994)
(1,6 0.8 1.0 1.2 1.4
Wavelength, microns
Figure 3.2: May 9. 1994; measured spectral reflectance (field spectrometer) and modeled albedo
(twostream radiative transfer model). Measurements are shown with the solid line and
model results are shown with the dashed line. Mean measured grain radius was 200 pra.
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4. Spectral Bidirectional Reflectance of Snow
4.1 Approach
A combination of field measurements and model data were used to generate information about
the spectral bidirectional reflectance of snow. Snow reflectance measurements were acquired and
corresponding snowpack physical properties, including depth, density and grainsize, were
measured.
4.2 Description of the Model
The discrete-ordinate model (Stanmes, 1988) was used to calculate spectral directional
reflectance as a function of the optically equivalent ice grain radius. Optical parameters needed for
the discrete-ordinate model include snowpack optical thickness, single scattering albedo, and
asymmetry parameter (or a description of the scattering phase function); these are calculated from
the snowpack physical properties: depth, bulk density and equivalent grain size. Diffuse
irradiance, substrate reflectance, and solar and viewing geometries are also required as model
inputs. For semi-infinite snowpacks, density has a negligible effect on snowpack reflectance
(Bohren, 1979) leaving grain size as the property that exerts the greatest control over near-infi-ared
reflectance.
To compare with the reflectance factor measurements, the discrete-ordinates model was run
using the same solar and viewing geometries and snowpack physical properties as for the
measurements. The model requires as input the snowpack optical properties which were derived
from the physical properties using the equations of Mie theory and the refractive indices for ice
(Warren, 1984). Since the snowpack is considered to be an optically semi-infinite medium, in
which the substrate reflectance does not influence the reflectance from the snowpack, the optical
thickness value used in the model can be some arbilxarily large value. In this case, an optical
thickness value of 1000 was used.
4.3 FieM Measurements
Spectral and angular reflectance measurements were made using a portable field spectrometer
with a spectral range from 350-2500 nm. The instrument has 350 spectral bands in the ultraviolet
and visible wavelengths (350-700 am) and 1801 channels in the near-infrared wavelengths (700-
2500 nm), with 1 nm spectral resolution throughout the entire spectral range. However, because of
low a signal-to-noise ratio in the ultraviolet and part of the near-infa'ared region, only data within
the spectral range from 400-1750 were used.
A fiber optic bundle serves as the sensor head allowing for flexibility in maneuvering for
angular measurements. The tip of the fiber optic was mounted in a pistol grip, the base of which
was mounted on a rotating tripod head. The tripod head could be moved in both nadir and
azimuthal directions and fixed at specified angles. To limit the angular field-of-view of the fiber
optic, an 8 deg foreoptic was attached to the sensor head. Measurements were made from 0 deg
(looking slralght down) to 75 deg, in 15 deg increments in the nadir direction and from 0 deg
(looking towards sun) to 180 deg, in 15 deg increments in the azimuthal direction. Because of the
change in viewing zenith and the fixed height of the instrument, the geometry of the instrument
setup did not allow the same size snow area to be viewed for each measurement. However,
because of the homogeneous nature of the snow, this was not considered a problem. Reflectance
data were acquired by fast collecting a reflectance spectrum from a sunlit calibrated spectralon
reference panel and then collecting a snow spectnun. Each measurement was actually an average
of ten rapidly acquired spectra for both the spectralon and snow. The ratio of the averaged values
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was automatically calculated and stored. A full set of angular measurements could be acquired in
a 20-30 minute period.
Measurements of snow grain size and snow bulk density were made at the time of the
reflectance measurements so that snow optical and physical properties could be related. Adjacent
to the site of each set of reflectance measurements, snow samples were removed by spatula from
the side of each snow pit and carefully desaggregated onto a gridded metal plate Snow grain
diameters were estimated by eye using the gridded card and magnifying loop. Maximum,
minimum, and mean radius were estimated and a minimum of two replicates were performed for
each grain size estimate. Grain size determinations were made for the near-surface layer (typically
0-3 era) and for 10 cm intervals to a depth of 50 era.
Though the model results are not dependent on bulk density when the snowpack is optically
semi-infinite (when the substrate does not affect the modeled reflectance), it was possible that
density variations may in some way influence the angular reflectance. Thus, these data are
presented for completeness. Snow bulk density was measured by collecting snow samples of
known volume and weighing them using a spring balance. Samples were collected from the side of
each snow pit at 10 an intervals. Replicate samples were collected and averaged for each snow
depth.
4.4 Results
Snow conditions differed for the three measurement days May 9, 1994 had homogeneous,
wind-packed snow 0-10 cm layer with a mean grain radius of 200 lain. On May 17, 1994, the
surface layer of the snowpack was refrozen suncrust and sintered grain dusters with a mean grain
radius of 400 pan. The snowpack on May 24, 1994 was again tim-grained windpack with a mean
grain size of 150 lxm.
The spectral reflectance measurements demonstrate the strong forward scattering- from the
snowpack for all three days of measurements. Figure 4.1 shows the reflectance measurements
from May 17th. The forward scattering peak is greater for the coarse-grained refrozen sun-crusted
snow than for the freer-grained windpack. This is expected since larger ice particles have a larger
value for the asymmetry parameter, g, meaning more that they are more forward scattering.
Wavelength = 0.46 urn
%
_ravelength = 1.03 u.m
Figure 4.1: May 17, 1994. Angular reflectance measurements of coarse-grained, refrozen suncrusted
snow. Mean surface layer grain size was 4001am.
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There is no evidence of a backscatter peak though this may be more a function of the surface
micro-topography than lack of an opposition effect. Surface roughness appears to play an
important role. The proportion of the field-of-view occupied by shadows increases as the relative
azimuth decreases and as the viewing zenith increases. The same would be true as the solar zenith
angle increases. Also, surface micro-topography changes the effective solar zenith angle.
Model results (Figures 4.2) predict a higher degree of forward scattering than is seen in the
measurements.
Wavelength = 0.4-6 u.m Wavelength = 1.03 u.m
Figure 4.2 " Discrete-ordinate model results using the same grain size as for May 17, 1994.
This discrepancy between measurements and model results may be due to several factors.
Surface roughness is not accoumed for in the model and, as noted above, appears to be important
for measurements made near the snow surface. Deviation of the calibrated reference panel from
the cosine law may also lead to underestimation of measured reflectance at low sun angles. At
very low sun angles, fewer photons are experiencing multiple scattering events so that the problem
becomes one of single-scattering rather than solely a multiple scattering phenomenon. Lastly, the
asymmetry parameter is not a complete description of the particle scattering phase function and
may provide a good representation of the angular distribution of reflected energy. However,
computational and model limitations currently prevent calculation and use of the full particle phase
function.
5. AVHRR Time Series
5.1 Introduction
The variation of outgoing longwave radiation emitted (OLR) and solar radiation reflected at the
top of the atmosphere provides a measure of the total energy balance of the earth-atmosphere
system and is a key factor in the understanding of climate change. Unlike surface radiative fluxes,
satellites provide the only direct measurements of these variables.
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Using results from NOAA- I 1 Advanced Very High Resolution Radiometer (AVHRR) Global
Area Coverage (GAC) data, the spatial and temporal variations of the net longwave, net
shortwave, and net all-wave radiation at the top of the atmosphere (TOA) are calculated for the
Greenland ice sheet from May 1990 - June 1991. All data analyzed are at around 1500 GMT
(near local noon).
5.2 Greenland Ice Sheet Variations
TOA broadband albedos were derived from AVHRR visible (VIS) and near infra-red (NrIR)
reflectances using Li and Leighton's (1992) conversion for snow/ice. These albedos show that
1990 was a relatively warm year and that the melt season extended well into August. Along the
south-western coast the area covered by bare ice increases substantially from June to August as
shown by monthly TOA albedo values dropping to around 40%, Also observed is an increase in the
melt area from June to August along the western coast and also in the north-eastern part of
Greenland as well as a smaller area in the north-western part of Greenland. Daily variations in
albedo fiLrther suggest that increased melting occurred in September.
The highest albedo values are found along the southeast coast of the ice sheet which is
consistent with the summer peak of precipitation due to onshore flow loaded with high water vapor
content. Peak albedo values are found at an altitude of about 2200 m.a.s.1. The northeastern slope
of the ice sheet experiences little precipitation as evidenced by lower albedos.
5.3 Outgoing Longwave Radiation
Since there is no thermal input at the top of the atmosphere, the net longwave radiation balance
at the top of the atmosphere is negative throughout the year. Spatial patterns of the longwave flux
over the Greenland ice sheet are dominated by topography, where the minimum outgoing longwave
radiation occur at the summit and also at the south dome of the ice sheet. Maximum longwave
losses occur in June (-293 Wm "2) along the west coast of the ice sheet and minimum losses in
December (-151 Wm 2) at the summit.
5.4 NetAll-WaveRadia_n : _:: : : :_!:
Except for the summer months (June-July-August) the net radiation balance at the _pof_
atmosphere is negative ov_fl_ie:ei_:_:Sheet and the ice sheet_-liJ_ :energy at its top boundary.
This radiative loss at the top of the atmosphere has to be balanced by energy exchange with the
lower latitudes. This is a major driving force in the global climate system. In June, the net
radiation balance is slightly positive over the dry snow areas (~ 15 Wm "2)except in the north where
the net radiation balance is slightly negative (L -10 Wm'_)_ _iia_ wet snow _e_ duH_ the
net radiation balance increases to values around 100 Wm 2 and b_,_the bar6ice to values _6und
200 Wm 2. _g the winter months when there is no Solar hiput_ _ radiation balance is_equ_
to the net longwave radiation balance.
5.5 Time Series at the ETH/CU Camp ...... :_ : _ =_
The net TOA all-wave radiation for the ETH/CU Camp (69.57* N, 49.29 ° W) from May 25
1990 - June 29 1991 is shown in Figure 5.1 together with the net short and longwave radiative
fluxes. The net TOA shortwave radiation increases from May to July from about 300 to 550 Wm "2
and drops to 5 Wm "2in November. It increases again from February to June from about 15 to 400
Wm "2. The maximum occurs in July even though the maximum incomingshortwave at_the top_
the atmosphere occurs in lime, _s shows the effect of t/ie_drop _urface_albed0 be-tween_
and July due to surface melting The TOA broadband albedo drops from around 70% in June tO
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58% in July. Surface albedo values taken from June-August 1990 also show a large drop in
albedo between June and July due to the disappearance of the snow cover. The drop in surface
albedo therefore obviously outweighs the effect of an increase in cloudiness which occurred from
June to July in 1990 which is expected to increase the planetary albedo. June 1991 net shortwave
radiation is slightly less than for June 1990 (362 vs. 376 Wm "2) due to a slight increase in albedo
which could be a result of greater cloudiness observed in June 1991 than in June 1990. However,
the mean June surface albedo values measured at the camp were slightly higher for June 1991 than
for June 1990 (74.0% vs. 76.9%) and therefore are probably responsible for the lower June 1991
net shortwave radiation.
The outgoing longwave radiation at the top of the atmosphere is negative throughout the year.
It remains almost constant throughout the summer months at around - 290 Win':, increasing to -
150 Wm "2in December. The minimum occurs in June. The net longwave radiation curve also
shows the days when clouds occurred as sudden decreases in the flux. Notice that the end of May
1990 was cloudy at the camp, but was relatively clear in June, and became cloudy again in July
until the middle of August when it became clear again. This is consistent with synoptic
observations made during summer 1990 at the CU/ETH camp. Except for the months of June,
July and August when the net balance is positive (maximum of 322 Wm 2, average of 102 Win'2),
there is a net loss of enea'gy at the top boundary throughout the year. The minimum -253 Wm 2
occurs in November.
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Figure 5.1: Top of the atmosphere radiative fluxes at the ETHICU camp from May I990 through
August 1991.
5.6 Time Series at the Summit
A similar plot as shown for the ETH/CU camp is shown in Figure 5.2 for 72 ° 30' N, 38 ° W for
May 1990 to August 1991. The net TOA shortwave radiation at this location decreases from 267
Wm "2at the end of May 1990 to 12 Wm 2 in October. Even though the maximum solar input
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occurs in June, the maximum net shortwave radiation occurs in July. This is because the planetary
albedo at the summit dropped from 71% in June to 68% in July, and even further decreases to 54%
in October. In February the planetary albedo rises from 47% to 71% in June 1991. The
magnitude of the shortwave radiation balance at the summit is less than that at the EI'H/CU camp
due to less incoming shortwave energy as well as typically higher surface albedos. However, as
mentioned above the planetary albedo at the summit is observed to continually decrease from
summer to fall and then rise again from spring to summer. The reason for this is still unclear.
The net TOA longwave radiation again remains negative throughout the year. It decreases
from May to July (-241 to -260 Wm "2) and then increases to -135 Wm "2in January. The minimum
longwave radiation observed occurred in July (-289 Wm 2) and reflects an increase in cloudiness.
The magnitude of the longwave radiation balance_at the m:munit is less than that at the ETH/CU
camp due to colder surface temper_es foundat the_sur0_mit. -_ ..... _ ......
Again throughout most of the year the net all-wave radiation balance at the top of the
atmosphere is negative. The net radiation is slightly positive from May - July (25 - 12 Win'2), and
then becomes negative from August through March. The minimum (-174 Wm "2) occurs in
November. Due to less solar input at the summit location vs. the ETH/CU camp, the magnitude of
the net radiation during the summer months (June-July-August) is much less (8 Wm 2 vs. 98 Win
2).
In the context of global warming it is important to know the net radiative effect of clouds,
which may or may not increase with global warming. Further work will involve computing TOA
longwave, shortwave and net cloud forcing for the Greenland ice sheet based on this data.
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Figure 5.2: Top of the atmosphere radiative fluxes at the summit from May 1990 through August 1991
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6. ATSR Case Study
6.1 Introduction
The European Space Agency (ESA) launched the first European Remote Sensing Satellite
(ERS-1) in July 1991. The platform is in a sun-synchronous orbit with an inclination of 98.52 °,
providing near complete polar coverage. ERS-1 carries instrumentation including the Along Track
Scanning Radiometer (ATSR) which combines an infrared radiometer and a microwave sounder
designed for the measurement of sea surface temperature, cloud top temperature, cloud cover and
atmospheric water vapor content. More specifically, the instrument was designed to provide sea
surface temperature with an absolute accuracy of 0.5 K or better in conditions of up to 80% cloud
COVer.
The unique feature of the ATSR instrument is that it observes the Earth's surface through two
views. One through a near-vertical atmospheric path (nadir-view) and one at an inclined path of
different length (forward-view). Assuming that the atmosphere is horizontally stratified and locally
stable during the two minutes it takes the sub-satellite point to reach the along-track point, this
technique will permit a more accurate atmospheric correction to be determined than by previous
methods. Atmospheric water vapor content information is very sparse over the Greenland ice sheet
and data from these two swaths can be combined to retrieve accurate water vapor amounts which
are currently not available for the entire ice sheet_
Another feature of the ATSR instrument that makes it particularly suitable for remote sensing
of snow covered surfaces is the addition of a channel at 1.6 pan which is very sensitive to water
vapor. At this wavelength clouds are more reflective than snow/ice covered surfaces and can be
used to distinguish clouds from snow. This is an advantage over other currently used satellite
radiometers such as the Advanced Very High Resolution Radiometer (AVHRR) flown on the
NOAA-series satellites which currently have no accurate means to differentiate clouds from snow,
a problem for Arctic regions which are often covered by clouds.
6.2 Surface Temperature Retrieval
To retrieve snow surface temperatures from thermal infrared (TIR) data requires (I)
information on atmospheric conditions such as water vapor and clouds, and (2) precise knowledge
of the surface emissivity and its angular behavior.
Previous atmospheric correction methods using thermal infrared channels for clear skies have
used the "split-window" approach which uses measurements at two TIR wavelengths (Haefliger et
al., 1993). The accuracy of this algorithm to retrieving snow/ice surface temperatures is given at
0.3 K RMS error. Although the multi-wavelength approach is useful for determining the effects of
varying water vapor amounts, it is not sensitive to the effects of other atmospheric constituents,
such as aerosols. A dual-angle technique can account for the absorption variations due to the
different concentrations in all absorbing species. It is this regard that the dual-angle capability of
ATSR is expected to give a significant improvement in surface temperature accuracy.
Using the two ATSR views, the surface temperature can then be approximated as
T_=T(nadir)+(-aut(al-a2)) * [T(nadir) - T(forward)] (6.1)
where T,=_ is the surface temperature, T(nadir) is the satellite brightness temperature in the nadir
view, T(forward) is the satellite brighmess temperature in the forward view, a_=sec( 00,
at=see(02), and 0 is the satellite viewing angle.
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6.3 Application to and ATSR Scene
A ftrst step is to verify that the initial images actually have different brightness temperatures,
either because of the different viewing angles or the different channels used. Figure 6.1 shows the
comparison on a pixel basis between brightness temperatures measured at 10.8 lain and those
measured at 12 lain for a 25 km x 25 km square around the ETH/CU camp on the Greenland ice
sheet (69.34 ° N, 49.17 ° W) for June 19 1992 at 15:06 GMT. Figure 6.2 compares the
temperatures measured at nadir with those measured on the forward scan before and after scan
angle emissivity correction at 12 lain. On average, the differences between the 10.8 lain and 12 la-m
brightness temperatures are 0.57 K for the nadir view and -1.65 K in the forward view for the
25kin x 25kin area. The temperature difference between the two channels increases with viewing
angle due to the greater sensitivity of the 12 Ixm channel to amaospheric water vapor which
increases with increasing path length.
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Figure 6.1: June 19, 1992: Comparison of the
satellite brightness temperatures
measured at nadir and forward in
the 10.8 and 12 micron channels
for a 25x25km grid centered
around the ETH/CU camp.
Figure 6.2: June 19, 1992: Comparison of the
satellite brightness temperatures
in the 12 micron channel for nadir
and forward views for a 25x25km
grid centered around the ETHICU
camp. Shown are the brightness
temperatures before and after
correcting for the variation of
emiss&ity with scan angle.
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After correcting the brighmess temperatures for scan angle emissivity variations, the remaining
brightness temperature differences for the 25km x 25km area are 0.68 K at 10.8 la.m and 2.91 K at
12 lxrn. If there was no atmosphere we should now obtain for a given pixel the same surface
brightness temperature for both the nadir and forward images. Therefore, the remaining
temperature differences are a result of atmospheric effects, in particular the amount of water vapor
in the atmosphere. Notice again the greater temperature differences found at 12 mm are due to its
higher sensitivity to atmospheric water vapor. Using the temperature difference between the nadir
and forward images could then provide a measure of the total atmospheric water vapor content
Figure 6.3. Surface temperature as derived from ATSR thermal channels on June 19, 1992.
Figure 6.3 shows the application of equation 6.1 to deriving the surface temperature for June
19 1992. The image shows the Greenland ice sheet near Disko island between 68.48 ° N and
74.68" N. The purple colors (dark to light) have temperatures from 224-240K, blue colors (dark
to light) from 240-252 K, green colors (dark to light) from 253-267 K, yellow from 267.5-269.5
K, orange colors (light to dark) from 270-276 K, and red from 276-280 K. Thus, we can see that
on this summer day, the surface temperatures are relatively cold and no melting is occurring along
the coast. A few clouds can be seen on the ice sheet in the north and south, as well as a few to the
east as evidenced by their colder temperatures. Unfortunately, we have no surface temperature
data with which to verify these results. In the future we hope to obtain 1993 ATSR data for which
we have ground truth data at the ETI-I/CU camp.
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6.4 Cloud Detection
Thermal imagery is able to detect some clouds over snow/ice using spatial and temporal
variations in the temperatures. However, there are many instances where the cloud top temperature
is very similar to the surface temperature and can not be detected in the thermal infra-red. The 1.6
lain channel however is very sensitive to atmospheric water vapor and can therefore be used to
detect clouds over snow/ice. Typical reflectances for snow at 1.6 lain are around 5%. Thus, for
example, the few clouds shown in the June 19, 1992 image have reflectance values around 12%.
The 1.6 p.m channel can be used not just for cloud detection, but also provide information on the
cloud liquid water content, cloud effective radius and optical depth since the cloud reflectance is
dependent upon these variables.
6.5 Comparison with A VHRR
Unfortunately, we were unable to find any 1.1 Ion resolution AVttRR images with which to
compare the ATSR images to. However, since the spatial variability of the surface temperature on
the ice sheet is relatively small over the footprint of the AVttRR GAC data, the GAC data is used
to examine the relative accuracy of the two instruments. Figure 6.4 shows a comparison between
ATSR and AVHRR outgoing longwave flux (Win "2) for 5 clear-sky days over the ETH/CU camp.
The mean differences between fluxes is 0.168 W/m "2, standard deviation 2.758 Wm "2. Differences
could be due to slightly different viewing geometries and different times of image acquisition.
However, in general, the two satellites provide very similar estimates of the longwave flux at the
top of the atmosphere.
AVHRR ond ATSR OLR ot the ETH/CU comp
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Figure 6.4: Comparison between AVHRR GAC and ATSR derived outgoing longwave flux for 5 clear-
sky days at the ETH/CU camp.
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7. Surface Melt
The importance of Greenland in the global climate system is largely attributable to the energy
exchange between the vast ice sheet and the atmosphere. The nature of this energy exchange varies
considerably with the physical state of the snow, as wet snow absorbs approximately 45% more
incoming solar energy than dry snow. Therefore, an accurate assessment of the melt extent, both
spatially and temporally, is essential for monitoring climatic changes in the polar regions, and for
understanding the role of the Greenland ice sheet in the global climate. Using passive microwave
satellite observations in conjunction with in situ measurements, the extent of melt on the ice sheet
can be monitored, and inter-relationships between conditions on the ice sheet and variations in the
c_mate can be studied.
7.1 Surface Observations
Despite the exceptionally warm spring at nearby Jakobshavn, snow melt came particularly late
in 1994 at the ETH/CU climate station. As a result, sustained melt did not occur during this year's
field season, but prior to our departure from the camp, we set up a thermocouple tower to record
temperatures above and below the snow surface during the summer. Temperature data from this
tower, along with the coincident radiation data, will provide an indication of the snow melt
conditions during our absence. Despite the delay in sustained melt, there were some brief periods
of melt in the top 5 can of Snow, which will be of use in in_reting the extent to which shallow
melt events influence the passive microwave signal. In addition, observed Irends in the near
surface snow temperatures and their relationship to snowfall events are expected to provide useful
insight to the genesis of melt and the role of albedo in the melt process.
Some interesting relationships were observed between snow temperatures, snow depth, and
surface albedo, which are shown in Fig. 7.1. The sharp increases in snow depth are indicative of
snowfall events, and as expected, the snowfall is accompanied by significant albedo increases.
What is particularly notable is that on each occasion that melt appeared to be imminent, as
indicated by the steady rise in snow ikhlperature, fresh snow fall, and the snow temperature
decreased. One possible explanation is that these events may be the result of the passing through
of low pressure synoptic scale weather systems. However, the climate data from the camp indicate
that the period was one of slightly high pressure with the winds primarily being katabatic before
and after the snowfall. The skies were clear during the initial warming, but they were cloudy
during the brief melt period, and the cooling occurred under cloudy skies after the snowfall when
the albedo was highest.
These relationships suggest that the warming that precedes the snowfall events and the cooling
that follows are primarily radiatively driven. Insolation increases throughout the spring facilitate
snow grain growth, as does night time cloud cover. This grain growth together with the higher sun
angles, increases the amount of solar energy absorbed by the snow, and causes the temperatures to
rise. After the fresh snowfall, however, the surface albedo is higher (Fig. 7. I) thus reducing the
amount of absorbed energy, which in turn decreases the temperatures. It follows then that albedo
feedback associated with fresh snowfall can significantly postpone the onset of melt at the ice sheet
interior, despite Warm weather near the coast. There is an apparent decouplmg between the ice
sheet interior and the coast, and part of our ongoing research is focused on assessing its extent.
The temperature patterns are most likely a result of a combination of radiative effects and weather
systems, and to evaluate the relative contributions of each to causing melt will require a detailed
analysis of the nearby coastal climate data.
NASA _d Report 23
Figure 7.1."
1.00
0.95
0.90
"_ 0.85
.o
0.80
0.75
0.70
Mo
Snow Depth and Albedo at the ETH/CU COmp
...... , ...... , ...... , ...... , ...... 10(
(o)
7 J ",/ 80
10 May 17 Moy 24 Moy .:31 dun 7 June 1_1
Dote
.snOWTemp.e._.o!UrerS.9!,_H/CU,C,omL
_.-1o
-15
70
........... , ...... , ...... i .....
Me 10 Moy 17 Moy 24 Moy 31 Jun 7 June 14
Dote
Snow depth and albedo (Fig 7.1 top) and snow temperature at 5 cm depth (Fig 7.1 bottom)
at the ETH/CU camp for May 10, 1994 - June 11, 1994. The increases in snow depth
indicate snowfall events, and associated with these are an increase in albedo, and a
decrease in snow temperature in the days that follow the event.
7.2 Passive Microwave Melt Assessment
While melt extent and variability on the ice sheet are still poorly known, recent advances have
been made in the use of passive microwave satellite data from the Scanning Multichannel
Microwave Radiometer (SMMR) and the Special Sensing Microwave Imager (SSM/I) to estimate
these parameters. These include the use of 18 GHz and 19 GHz single-channel threshold
techniques (Mote et al., 1993, Zwally and Fiegles, in press, Ridley, 1994), a 37 GHz modeled
approach (Mote and Anderson, in press), and methods that employ a combination of channels
(Steffen et al., 1993, Abdalati and Steffen, in press). All of these methods are based on the fact
that microwave brightness temperatures (Tb) increase dramatically when dry snow becomes wet.
This increase occurs because during the transition from dry to wet snow, the dominant scattering
mechanism changes from volume scattering to surface scattering. Subsequently the microwave
emissivity (e),which relates the physical temperature (Tp) to the brightness temperature by the
Rayleigh-Jeans approximation (F_xl. 7.1), approaches that of a black body (Matzler and Hueppi,
1989).
TbmeTp (7.1)
These changes in emissivity vary with frequency and polarization, and it is these variations that
form the basis for our approach to melt assessment (Abdalati and Steffen, in press), Using a
normalized difference between the SSM/I 19 GHz horizontally polarized channel (19H) and the 37
GHz vertically polarized channel (37V), a parameter referred to as the cross-polarized gradient
ratio (XPGR) is established as shown in Eq. 7.2 (For the SMMR instrument, the 18 GHz
horizontally polarized channel (18I-1) is used instead of the 19H.). Like the brighmess
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temperatures, the XPGR exhibits a strong melt signal, which, when compared to in situ data,
allows for the definition of a melt threshold in the signal. An XPGR time sexies for the ETH/CU
camp is shown in Fig. 7.2 along with the dates of melt onset and the melt threshold. This threshold
was determinedto bc XPGR=-0.025, which con-espondsto a mean snowpack wetness at the
ETH/CU camp of -0.5% by volume.
XPGR = Tb(19H) - Tb(37V)
Tb(19H) + Tb(37V)
(7.2)
where Tb(19H) and Tb(37V) refer to the brightness temperatures of the 19H and 37V channels.
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Using datasetsprovidedon CD-ROM by theNationalSnow and IceData Center(NSIDC), all
availableSMMR and SSM/I datafrom 1978-1991 wcrc examined. For each coverageday and
cvc_ pixelon theicesheet,theXPGR was calculatedand compared totheme//threshold.Pixels
withXPGR valuesinexcessofthethresholdon a givenday were classLficdas experiencingmelt
on thatday,whilethosewithvaluesbelow thethresholdwere consldercdto bc-&'y_ Usl_g this
classificationscheme theseasonalmeltextentwas determinedforeachyea',and itisplottedinFig.
7.3,which shows a 3.4% increasein mean arealmeltextentoverthecoverageperiod.Fig.7.4
depictsthe totalmelt extentfor 1983 and 1991, the yearsof maximum and minimum melt
respectively. "..... " "'
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Mean areal melt extent throughout the melt season (May-September) as derived using the
XPGR method. The results show an increasing trend in melt area of 3.4% per year. Total
melt extent/or the year with minimum melt (1982) and maximum melt (1991). (See cover
page)
7.3 Passive Microwave Melt Algorithms: Limitations
While several methods exist for estimating melt extent from passive microwave satellite
observations, each has its own geophysical limitations. The method based on differences between
winter and summer SSMB 19 GHz brighmess temperatures (18 GHz in the case of SMMR) has an
inherent cold region bias, i.e. it is more likely to predict melt in the cold areas of the ice sheet than
in the warm (Abdalati and Steffen, in press). Furthermore, the coupling of summer melt estimates
to mean winter brightness temperatures in this approach reduces its applicability to interannual
comparisons (Abdalati and Steffen, in press). A potential weakness of the 37 GHz brightness
temperature approach in relation to the others is that it is the most sensitive to atmospheric effects.
The primary limitation of the XPGR method arises from the difference in signal emanation
depths of the two channels used. When the snow is wet, this difference is on the order of a few
centimeters, and the variation in physical tempei:ature (if any exists) is of little consequence in the
XPGR. At the time of surface refreeze, however, the temperature gradients and the differing
emission depths can potentially result in a melt signal, despite the presence of a frozen surface
layer, particularly in the area identified by Benson (1962) as the "soaked zone." This occurs
because when cold autumn air begins to freeze the surface of the snowpack, the 37 GHz signal is
reduced prior to the 19 GHz signal, which is much more su'ongiy influenced by the warmer
subsurface snow. As a result, their normalized difference (XPGR) remains high, even though the
surface snow is frozen. For this reason, the estimated dates of refreeze are later when the XPGR
method is used than when a single-channel approach is taken.
However, this apparent limitation in surface refreeze identification allows for the detection of
wet snow beneath a frozen surface, and can potentially be very useful in facies classification.
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Estimates of the end of the 1990 melt season for each pixel were made using both the XPGR
method and the method of Mote et al., (1993) in order to determine the time difference in refreeze
detection The results show that the XPGR estimate is consistently later than that of the single-
channel, as expected, this time lag is insignificant (5 days or less) in what we believe to be the
percolation zone, and significant (greater than 5 days) in what is believed to be the soaked zone
(Fig. 7.4).
The presence of an extended time lag in the soaked zone can be attributed to the high thermal
inertia of the very wet snow in this region. A large portion of the heat lost from the snowpack in
the soaked zone is latent heat, so as the top begins to cool, the deeper layers remain warmer while
the liquid water freezes. Thus a strong subsurface temperature gradient is created which sustains
the XPGR melt signal. In the percolation zone, however, the thermal inertia is not as high, and
more of the energy lost to the colder air is in the form of conductive and sensible heat flux, rather
than latent heat flux. Since less of the energy transfer is associated with phase change, the
temperature gradient is weaker in the percolation zone. As a result, the XPGR refreeze estimates
in these areas agree with the 19 GI-Iz estimates.
Fig. 7.4: Melt area map showing the difference in end of season refreeze estimates between the
single-channel method of Mote et al. (1993) and the XPGR method. The "+" symbol
indicate areas to which the refreeze estimates differ by 5 days or less, while the "*" symbol
indicates the regions where the difference is greater than 5 days. The large differences
seem to occur in the soaked zone, while the small differences occur in the percolation
areas. This is most likely attributable to the thermal inertia of the soaked zone and the
differing penetration depths of the 19H and 37V channels.
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In some portions of the ablation zone, there is also no appreciable difference between the two
methods in the refreeze estimates. We believe this to be attributable to the similarity of emission
depths of the two channels in solid ice. In other words, since the difference in emission depth
between the two frequencies is small, the brighmess temperatures are not affected differently by the
temperature gradients in the emitting layers.
Each passive microwave-based method of melt detection is impacted by different geophysical
phenomena. As a result, a combination of methods is required for a comprehensive assessment of
the melt conditions on the ice sheet. Furthermore, the differing emission depths associated with the
multi-channel XPGR can potentially enable classification of all four facies of snow on the
Greenland ice sheet, thus further improving our ability to monitor changes in the ice sheet's surface
and its climate.
• _ _ ._ _ ..... ; .... :2
8. SMMR and SSM/l-Derived Snow Accumulation
In 1993 we developed a passive microwave radiative transfer model to estimate snow
accumulation in the dry snow region of the ice sheet (Steffen et al., 1994). This model still
requires considerable refinement to accurately represent the effects of snow accumulation and hoar
formation on the microwave signal, but a comparison to ice core data reported by Bolzan and
Strobel (1994) show qualitative agreement between our model and field data for the summit. Our
current research plans include further development of the model to yield quantitative assessments
of snow accumulation.
Our preliminary accumulation estimates along with rough estimates of ablation have been used
by geophysical researchers at the University of Colorado and NOAA's Geosdenees Laboratory,
for initial input into a rheological model. This model, which calculates the elastic and anelastic
behavior of the Earth under different loadings, is currently being used to assess the deformation
and the geodetic variation of the Earth associated with changes in the mass balance of the
Greenland ice sheet. The analysis indicates that the vertical displacement of the Earth's surface
caused by these mass balance variations is on the order of a few centimeters over a five year
period. Since such a deformation is t_ieved to be detectable with a combination of GPS
measurements and high precision gravity measurements, the researchers are planning a
collaborative field campaign beginning this year to measure the displacements. Although our mass
balance estimates are still very crude, they provide the first reasonable input to the model, and they
will be continuaUy be updated as our ability to derive accumulation and ablation improves.
Research efforts in the coming year will be focused on refuting the model to include more
accurate representation of the snow structure. Primarily this will include parameterizing hoar
development based on identification of hoar formation events by the method of Shuman and Alley
(1993). When this is done, the model will produce quantitative estimates of snow accumulation in
the dry snow region of the ice sheet. These will be compared to the ice core-derived accumulation
estimates of Bolzan and Strobel (1994) and the theoretically derived results of Bromwich et al.
(1993).
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9. REFRACTION AND ICE MOVEMENTS
9.1 Introduction
In continuationof earliercampaigns (1990,1991) a geodeticprogram was performedfrom
May 23 toJune 23,1994.The participantshavebccn ProfessorDr.-Ing.Manfrcd Stoberand Dipl.-
hag. (FH) Jllrgen Kreutter, Both members are from the Department of Surveying at the
FachhochschulefarTcchnikinStuttgart/Germany.
The geodetic research program was financiallypromoted by the Deutsche
Forschungsgemcinschaft(DFG), by VercinFreundederFHT Stuttgartand by theDepartmentof
surveyingof FHT Stuttgart.Itwas supportedlogisticallyb the Alfred-Wegener-Institutcfor
Polarand MarineResearch(AWI),Bremexhaven/Germany.
Since 1959 geodeticmeasurements have taken place along an East-West-profileacross
Greenlandwiththeaim toprovidea contributiontothestudyofthemass balanceoftheOreenland
icesheet.A very importantpartindeterminingthevolume of the iceisthe knowledge of the
surfaceheightsand theirtemporalchange. From thisdataitispossibletoconcludedirectlythe
growth or reductionoftheicemasses. Severalmethods ofterrestrialheightmeasuringhad been
applied.IntheEGIG-campaigns 1959 and 1968 thegcomelriclevelingwas used (Mttlzer,1964,
Scckcl,1977a).Since 1987 theInstitutefor Surveyingof theTU Braunschwcig(MOiler,1990,
Kock, 1993) continuedtheseworks withthemore economictrigonometriclevelingwithrangesup
toone kilometer.A disadvantageof thismethod,however,isthesourceof error"refraction",i.e.
thatthebeam oflightbetweenobservationpointand targetdoesnotfallowa straitline.The path
thebeam oflightfollowsisacurvedue torefractioncausedby atmosphericdensityvariations.
The main intentionof theresearchprogram of 1991 and 1994 isto examine more closely,
refraction under the special conditions over the Greenland ice surface. Knowledge of the related
meteorological parameters of temperature, humidity, wind and radiation are needed. For this
reason, collaborations with the Greenland climate field studies of the Geographic Institute of ETH
Zilrich (1991) and the University of Colorado (1994) were favorable.
The following questions should be investigated; (a) How does the amount of the refraction
coefficient above the ice change due to different atmospheric conditions, and ground distances for
the beam of light; (b) Is it possible to calculate the refraction coefficient by using meteorological
data; (c) Is it possible to determine local differences in the refraction coefficient, which would be
necessary to eliminate remaining systematic errors when using the method of simultaneous
reciprocal zenith angles?
Another main program is the evaluation of ice movements. According to calculations of
Professor Ohmura, ETH, Switzerland, the station was expected to be situated at the equilibrium
line. It is of glaciological interest to test this statement and to determine the velocity parameters for
this part of the Greenland ice sheet.
The measuring program 1994 was:
• Refraction studies with new temperature measuring device,
• Attachment of the ETH-Camp by GPS to Jakobshavn (June 19,1994),
• Remcasurement of the deformation figure (terresmal + GPS),
* Reconstruction of old positions from 1990 and 1991 in terrain,
• Remeasurement of old positions 1990and 1991 interrain,
• Stratigraphy in snow pits at 4 places.
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9.2 Refraction
Zenith angles and distances:
• Simultaneous reciprocal zenith angles along one baseline between points 100 and 200 (length =
950m), measured with opto-mechanical theodolits _ 1"2).
• Electro-optical distance measurement (WILD Di 3000).
• Zenith angles in one direction to a target about 3 m above snow.
• Longitudinal sections of the topography along the baseline by cinematic GPS for detesaxfination
of the distance between beam of light and ice surface.
Meteorological data :
Together with the trigonometric height measurements vertical temperature prot'des were found.
For this purpose a new measuring device was used :
• Two temperature masts from FHT Stuttgart, working with 6 ventilated QUAT-sensors up to 3
m above the snow surface.
• Measuring equipment from the University of Colorado Boulder at the camp station (100) with
profdes of temperature, wind velocity and direction, and different radiation parameters.
As invented, all geodetic and meteorological measurements could be performed at different
weather conditions.
Evaluation methods and previous results:
Simultaneous reciprocal zenith angles. From simultaneous reciprocal zenith angles between two
points 1 and 2 we obtain the height difference Dh:
Dh = S/2 * ( cos Z1 - cos Z2 ) - $2/(4R)*( kl - 1(2) (9.1)
with S = slope distance, Z1, Z2 - zenith angles on stations 1 and 2, R -- earth radius ( about
6394 km ), r = radius of beam of light, kl, k2 = effciem refraction coefficients in 1 and 2,
definition of the refraction coefficient k = R/r.
Only if the e_cient refraction coefficients are equal in both stations (kl = k2) the height
difference is free from systematic refraction errors. Under this condition we can obtain the true
height difference
Dh = S/2 * ( cos Z1 - cos Z2) (9.2)
and the mean efficient refraction c.x_ffcient k for the whole line from
k -" 1 + R/S * ( 200 - Zl - Z2 ) * _200 (9.3)
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Table 9.1: Efficient refraction coefficients k from simultaneous reciprocal zenith angles, line
100 - 200, distance = 949.86 m height difference stakes = 9.95 m
Jul.
Day
1994
148
149
151
152
153
154
156
157
159
160
161
162
163
Date Time
Camp Thne
1994 GMT -2 h
28.05 17.33-19.03
29.05 15.35-16.05
31.05 13.02-16.02
1.06 16.03-19.33
2.06 14.32-17.32
3.06 15.03-20.02
5.06 12.33-15.02
6.06 17.02-20.02
8.06 17.32-19.32
9.06 09.35-14.04
10.06 10.32-13.33
11.06 11.05-14.02
12.06 09.47-13.02
Dh (m)
ScaleStake
9.975
9.951
9.950
9.942
9.946
9.945
9.942
9.935
9.934
9.943
9.931
9.930
9.926
10.451
10.446
10.445
10.437
10.441
10.440
10.437
10.431
10.430
10.438
10.426
10.426
10.420
Refraction Coefficient k Conditions
Sunny Ovex_ast
with wind
0.595
0.227
w/o wind
0.294
with wind
0.365
0.465
0.214
0.616
0.503
0.130
-0.086
w/o wind
-0.004
0.227
-0.076
1.5
1.4
v 1.3
•--- 1.2
.,., 1.1
r- 1
--_ O.g
o 0.8
0.7
_) 0.6
o o.5
o 0.4
C 0.3
o 0.2
0.1
_ -0.t.
_'- -0.2
L -0.3
-0.4
-0.5
8
Greenland lgg4: all days
Refraction coefficient as function of time
_' i" ' , . i , , . J . , . I . i . , i . _ . _ . _
t
,
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Figure 9.1" Dependency of refraction coefficient k on local time.
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Results:
• The refraction coefficient k is depended on weather conditions (Table 9.1). The biggest,
positive values appear when we have full sun radiation and strong wind. About half of the
observed data was taken under these weather conditions.
• Very little or even negative values of k appear when the sky is overcast.
• The refraction coefficient is changing with day time. As we see from the adjusted smoothing
parabola (Fig. 9.1), k is minimum at midday and there is a strong increasing of k in the
afternoon. So we find a correlation between k and sun rise, even when weather is overcast.
• Apparently k is influenced by those parts of sun radiation which are able to penetrate through
thin clouds. This time dependency has to be considered when estimating the correlation
between k and various weather conditions.
• Compared to the results from 1991, we now find a smaller range between biggest and smallest
k, but the same principal dependency on weather conditions. In 1991, air temperatures had
been much higher than in 1994. We also had more humidity from melting processes in 1991
(sometimes slush surface!), what never occurred in the cold summer of 1994.
Local refraction coefficients from vertical temperature profdes
If we accept an atmosphere with globe-symmetric stratification we obtain with the refractive law
of SNELLIUS
n * sin Z = const (9.4)
and the local refraction coefficient is given by
k= R/r= - sinZ / n * ( dn/dh ) (9.5)
with Z = zenith angle, n = refractive index, dn/dh = vertical gradient of the refractive index.
From the relationship of BARRELL + SEARS for the refractive index as a function of the
meteorological data ( t,p,e )
n-l= al*p/T- a2*e/T (9.6)
With an, a2 -" wavelength dependent coefficients, p = atmospheric pressure [hPa], e = partial water
vapor pressure [hPa], T = absolute temperature [K].
we find the local refraction coefficient tc
i< = 501.525" sin Z * p/'I_* (0.034 + dT/dh) + 79.135" sin Z/T * de/dh (9.7)
Neglecting the small influence of humidity ,we can apply this method by determining the vertical
temperature gradient dT/dh and from that calculate the local refraction coefficient k
1<= 501.525" sin Z * piT 2 * (0.034 + dT/dh) (9.8)
As pointed out before, we had built two new temperature masts, each with ventilated QUAT-
sensors in 6 levels up to 3 m above the snow surface. (construction Prof. Dr. Stohrer, FHT
Stuttgart). The data were automatically stored by a field computer HUSKY HUNTER 16.
It is of main interest to evaluate possible differences of local refraction at the two ending points
of the sight line. So it is very important to know the accuracy of the temperature measuring
sensors,especiallyrelativetoeachother.The intentionwas tomeasure theairtemperaturewitha
relative accuracy of few K/IO0.
9.3 Ice movements and deformations
A very important part of the program is the knowledge of surface heights and their temporal
change. As for the GPS-receivers, only instruments operating with high resolution on two
frequencies were used:
1990 + 1991 : Wild-Magnavox WM 102,
1994 : Leica GPS-System 200.
The displacement is calculated from repeated GPS-positioning. Point C3 was measured in three
periods (1990, 1991 and 1994). Another point (A2) was first established in 1991 and remeasured
in 1994. All positions have been fixed to the same reference point JAKOBSHAVN by direct
simultaneous baselines in 1991 and 1994, but only indirectly by JAKOBSHAVN - CONSTABLE-
PYNT - CAMP in 1990.
a) Horizontal ice movements
Flow vector by GPS.measurements
As we see from Table 9.2, azimuth and flow velocity are not exactly agreeing in the periods
90-91 and 91-94, probably due to the weak positioning in 1990. For the best values we have to
consider the period average 91 - 94, which is long enough and derived from homogenous GPS-
measurements. The same horizontal displacement exists at point A2 (Table 9.3). There is very
good agreement in the velocity vector, but the azimuth is a little different (1°). On the whole the
general flow vector is toward the Jakobshavn glacier.
Table 9.2." Horizontal displacement at ETH/CU-Camp (C3) 90 - 94
13.07.90 - 27.07.91
27.07.91 -20.08.91
20.08.91 - 19.06.94
Time interval
(,day)
379
24
1031
Avexage
91:19.06.94
Horizontal
value (m)
121,71
7.97
320.49
Displacement at c3
velocity (m/day)
0.3211
0.3321
0.3109
Azimuth
* ¢
324.49
236 01 32
232 08 05
234 31 24
13.07.90- 19.06.94 1434 450.14 0.3139 234 53 21
0.31111043 234 28 59
= 260.54 gon
Table 9.3: Horizontal displacement at ETH/CU-Camp (A2) 91-94
Date
Mean 91:
19.06.94
Time inteaval Horizontal Displacement at A2 "'Azimuth
(day) value (m) I velocity (m/d) I * '
1043 326.68 0.3132 233 35
= 259.54 gon
17
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Deformations in a terrestrial network
It was possible to find all 4 points from the network of 1991 and measure the deformation
network by GPS and terrestrial methods as well. The ranges of the network are in the order of 1
km (Fig. 9.2). By transformation and calculation in the same local coordinate system, we obtain
displacement vectors for all 4 points (Table 9.4).
Table 9.4: Horizontal displacements 1991 - 1994 in a terrestrial network
Point
A2
B2
C2
D
average
Displacement of point
from 1991 to 1994
range(m) azimuth(son),
326.56 259.4983
321.87 258.9277
324.64 260.1933
325.60 259.7888
324.67 259.6020
Discrepanciesaverage individual
range (m) azimuth (gon) ....
-1.89 +0.1037
+2.80 +0.6743
+0.03 -0.5913
-0.93 -0.1868
Netze 1991 und 1994
1000
I ' I ' I ' I ' I I '
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0_ 500
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Figure 9.2: Deforraation figure and horizontal displacements 1991 - 1994
Conclusions:
• the average displacement 324.67 m (corresponding to 0.3196 m/day) is very good agreement
with the results from GPS.
• velocities and flow azimuths are not comphxely homogeneous. Each point has individual
values, so local effects (surface topography and/or bedrock topography) may have great
influence.
• the differences are significant, because the measuring accuracy is much better (order of 1 era)
in relation to the big displacements.
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Table 9.5: Distortions in the network
FTom
C2
C2
B2
D
D
D
r .,To
A2
B2
A2
A2
B2
C2
Length 91<.m)
798.012
1146.762
760.262
271.768
592.613
663.490
1991 - 1994
I Leagth94
797.860
1148.848
761.592
272.372
593.846
663.468
-0.152
+2.086
+1.330
+0.604
+1.233
-0.022
length 94- 91
ppm
-190
+1816
+i746
+2118
+2076
-33
ppm/day
-0.19
+1.79
+1.72
+2.08
+2.04
-0.03
Netz 1994
1000 , , _ 7 _ , i ' ; '" i ' i '
goof
_oo
_ 600[
_ _oo_-
1,7
300
200 I_
< 100 f
×-'°'o-2o' ' ' ' ' ' ' ' "' ',oo ooo ,ooo, 
Y - Achse (m)
Distortion 1991 - 1994
ppm/day
I I i
0 1 2
Figure 9.3: Distortions in the network 1991 - 1994
Comparing the changes of length in the deformation network, we also find individual
distortions of ranges (Table 9.5). The flow azimuth coincides approximately with direction B-C,
but the distortions along and across this azimuth are almost equal. On the other hand, lines in
about the same azimuth (C-B, C-D) do not show the same distortion, all the distortions are
individual ones. There are even some ranges (D-C and A-C) remaining unchanged. Due to this
inhomogeneous behavior no strain rates were calculated.
b) Vertical ice movements
Height changes at the same place
For all questions concerning the mass balance the change of height at the same position is very
important. For this purpose the old positions from 1990 and 1991 of point C3 were reconstructed
in the field. This was only possible by using previous values of the deformation rate and azimuth.
Only now, after evaluation of the actual displacement vector, are we able to define the true old
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positions. In order to correct the previous heights, a topographic map was made for the supposed
area, from which the exact heights could be found by interpolation.
In order to determine the snow accumulation, snow pits were dug at 4 positions: C2(94),
C2(91), A2(94), and D(94). At positions C2 and D the original wooden stick was found, so the old
mow horizon was well known. The stratigraphy is shown in figure 6.
Snow hole profiles, 4.-13.6.1gg4
'I I I I i ' I I ' I ! " I
E 0.5v
U C2 102.091 102.090 A2
to -0.5
w
0 -1
u)
Eo -1.5
_ -2 .......
o.-2.5 stick 1991
"0
--3 • I , I , I , I , I , I I I I
-100 0 100 200 300 400 500 600 700 800
Distance (m). 0 = C2(94)
i
900
Figure 9.4: Stratigraphy of snow pits 1994
Combining the GPS-heights at the snow surface and the data from the snow pits we are able
to give absolute heights for all snow and ice horizons. For this presentation all the heights are
related to Jakobshavn with ellipsoidal height JAV = 52.093 m, which is not the true ellipsoidal
height, but a fLxed value for all height comparisons.
The results are shown in Table 9.6. The most important value is the ice horizon, because the
snow surface might be disturbed by local and seasonal effects. From 1990 to 1994 the ice height
decreased -2,68 m. In the period 1990 to 1991 there was a decrease of -0.59 m. Based on this data
we can infer that there was a level decrease of .67m per year for 1990 to 1991, and a decrease of
.2m per year between 1991 and 1994. The big difference between the two periods is probably
effected by the bad height determination in 1990 (indirectly via Constable Point). But in 91 and 94
we had homogeneous and short GPS baselines with good results, so we can suppose a height
diminution in the last 3 years of -0.20 m/year. This agrees well with those from the EGIG-line
(Kock, 1993), but contradicts the results from satellite altimetry which gave increasing ice values
of +0,3 m/year (Zwally, 1989).
Table 9.6: Height changes of snow and ice at the same position
Position of C3
at date
Mittel 91
7/90
Height changes (m)
94 to 90 94 to 91
I I nowI
.1_58[.2.681+0"091"0"59
Vertical velocity of ice = change
of height per yem-'
94 - 90 94 - 91
I -0.67 -0.20
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Vertical tce flow
The vertical component of ice flow is dezived by observation of the moving wooden stakes,
which were found at the two points C2 and A2 from 1991. In 1991 they had been established in
surface horizon, and in 1994 they were found 0.65 m below the actual ice horizon. All heights (in
relation to the fixed point JAV = 52.093 m) of the moving stakes are shown in Figures 9.5 and 9.6.
We obtained the results :
Vertical ice flow at point C2/C3:
height difference of stick in flow dire_--tion =
surfaca slope inclination (measured) =
- 5.73m,
-4.34m
vertical movement, free from inclination =
Vertical ice flow at point A2;
height difference of stick in flow direction =
surface slope inclination (approximately) =
vertical movement, free from inclination =
- 1.39 m.
- 1.22 m.
At both places (A,C) the vertical movement of the stake is greater than the height change
effected by slope. Therefore the flow vector has a downward trend and the model of rising ice
layers cannot be confirmed for this pan of the Greenland ice sheet. Together with the large
accumulation of snow and new ice over the old stakes we see that the ETH/CU-camp is not
situated at the equilibrium line, as expected by Ohmura 1991. :
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Figure 9.5: Height changes of point C2/C3 (1991 - 1994)
1175
O_
0 1174
" 1173
>
<
-)
"" 1172
e-
O_ 1171
.c
1170
0
1169
.o_
W
1188
Movement A2 , heights 1991-1g94
." ........ I'''''''''I'''''''°'I ......... I''''" .... I......... I......... I ......... I........ 'I
I
- _ _
• _I_S.--_+ ..--'%oo, t
- s°°+_-_'" 1
- _,__o_.+_,_;_--_'_° _°r'_°° 4
,,,,,,,.I,,,,,,,,,I ......... I......... I ......... I ......... I ...... ,,,I, ..... ,,Jl,,,,,,,,,l
-50 0 50 100 150 200 250 300 350 400
Horizontal distance (m), 0 = A2 (94)
Figure 9.6: Height changes of point A2 (1991 - 1994)
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